The liquid structures and transport properties of electrolytes composed of lithium bis(fluorosulfonyl)amide (Li [FSA]) and glyme (triglyme (G3) or tetraglyme (G4)) were investigated. Raman spectroscopy indicated that , regardless of its low ionic conductivity of 0.2 mS cm À1 .
Introduction
Solvate ionic liquids (SILs) consisting of glymes (Gn, CH 3 -O-(CH 2 -CH 2 -O) n -CH 3 ) and Li salts show unique physicochemical properties and have therefore been investigated as promising electrolytes for Li batteries. [1, 2] Glymes are well known solvents that have the ability to dissolve Li salts at high concentrations. [3] The coordination number of Li þ ions in liquid electrolytes is typically 4-5. Triglyme (G3) and tetraglyme (G4) have 4 and 5 ether oxygen atoms, respectively, and can coordinate to Li þ in a 1 : 1 ratio owing to the strong electrostatic and induction interactions between the ether oxygen atoms and the Li þ ion. [4] In certain 1 : 1 mixtures of glyme (G3 or G4) and Li salts, almost all glyme molecules participate in the formation of cationic [Li(glyme)] þ complexes, with very little free (uncoordinated) glyme molecules existing in the liquids. [5] Such ). [6] Because amide-type anions possess low Lewis basicity, the interaction between them and Li þ is relatively weak, resulting in the high dissociativity of Li-amide salts in electrolyte solutions. [7] Moreover, the low Lewis basicity of amide-type anions is favourable for stabilising the [Li(glyme)] þ complex, as the weak interaction between Li þ and the amide-type anion results in a long lifetime of [Li(glyme)]
þ . [5, 6] This long lifetime and the absence of free glyme impart SILs with low volatility, low flammability, and high thermal stability, making them attractive as thermally stable electrolytes for Li batteries. [8] [9] [10] The liquid structures, transport properties, thermal properties, and battery applications of [TFSA]-based SILs have been studied intensively. [9] [10] [11] [12] Regarding [FSA]-based systems, the thermal properties and battery applications of [Li(glyme)] [FSA] have been reported previously; [13, 14] however, the liquid structures and transport properties of Li[FSA]/glyme electrolytes have not yet been fully elucidated. In this study, the liquid structures and transport properties of electrolytes composed of Li [FSA] and glyme (G3 or G4) mixed in various molar ratios were investigated in detail. Raman spectra and pulsed field 
Measurements
Raman spectra of the samples were measured using a Raman spectrometer equipped with a 785 nm laser (NRS-4100, JASCO). The instrument was calibrated using a polypropylene standard. The spectroscopic resolution was 2.4 cm À1 . The sample temperature was adjusted to 30 AE 0.18C using a Peltier microscope stage (TS62, INSTEC) with a temperature controller (mk1000, INSTEC).
The ionic conductivities (s) of the Li[FSA]/G3 and Li[FSA]/ G4 solutions were determined by the complex impedance method using an impedance analyzer (VMP3, Biologic) in the frequency range of 500 kHz-1 Hz with a sinusoidal alternating voltage amplitude of 10 mV root-mean-square (rms). A cell equipped with two platinized platinum electrodes (CG-511B, TOA Electronics) was utilised for the conductivity measurements, and the cell constant was determined using a 0.01 mol dm À3 KCl aqueous solution at 258C before the measurements. The cell was placed in a temperature-controlled chamber and conductivity was measured at 308C. The liquid density and viscosity were determined using a viscometer (SVM 3000, Anton Paar).
PFG-NMR measurements were carried out to determine the self-diffusion coefficients of glyme, Li . A JEOL-ECX 400 NMR spectrometer with a 9.4 T narrow-bore superconducting magnet equipped with a pulsed-field gradient probe and current amplifier was used for the measurements. Selfdiffusion coefficients were calculated with the Hahn spin-echo sequence using the following signals: . The detailed experimental procedures have been reported elsewhere. [15] The diffusion echo signal attenuation, E, is related to the experimental parameters by the Stejskal equation (Eqn 1) with a sinusoidal pulsed-field gradient: [16] ln
where S is the spin-echo signal intensity, d is the duration of the field gradient with magnitude g, g is the gyromagnetic ratio, and D is the interval between the two gradient pulses. The values of D and d were set to 50 and 5 ms, respectively, and g was set to 0.01-10 T m À1 depending on the electrolyte. The sample was inserted into an NMR microtube to a height of 3 mm to exclude convection. All measurements were conducted at 308C. Each sample was placed in a sample tube (BMS-005J Shigemi) with a 4 mm outer diameter; this tube was then inserted into a 5 mm standard NMR sample tube.
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were performed with a three-electrode cell using an electrochemical analyzer (VMP3, Biologic). Cu and Pt disk electrodes (3 mm in diameter) were used as the working electrodes for the CV and LSV measurements, respectively, and a Pt wire was used as the counter electrode. The reference electrode was Li metal soaked in a 1 mol dm À3 Li[TFSA]/G3 solution, confined in a glass tube with a Pt liquid junction. The transference number of Li þ in 1 mol dm À3 Li[TFSA]/G3 was ,0.5, [11] therefore, the liquid junction potential was considered to be negligible. All electrochemical measurements were performed at 308C in an Ar-filled glove box.
Aluminium corrosion in the electrolytes was investigated using a two-electrode cell. A coin-type cell with Al foil as the working electrode, Li metal as the counter electrode, and a glass fibre filter separator (GA-55, Advantec) was used for the measurements. The cell was polarized at 4.8 V for 24 h at 308C. The cell was then disassembled in an Ar-filled glove box after the polarization, and the Al electrode was observed with a scanning electron microscope (SU8010, Hitachi HighTechnologies).
Interfacial charge transfer at the Li metal electrode/electrolyte interface was investigated using a symmetrical coin-type [Li metal | Li[FSA]/glyme electrolyte | Li metal] cell. A glass fibre filter was used to separate the two Li metal electrodes. Electrochemical impedance measurement of the cell was performed using an impedance analyzer (VMP3, Biologic) under the same conditions as the ionic conductivity measurements.
Battery tests were carried out using the Li[FSA]/G3 electrolyte. A slurry containing NMC was prepared by thoroughly mixing NMC, AB, and PVDF in a weight ratio of 80 : 10 : 10 with NMP as the solvent. The slurry was pasted onto Al foil to prepare a composite sheet and dried overnight at 808C. The composite sheet was then cut into a disk (16 mm diameter) and compressed at 50 MPa followed by drying in a vacuum at 1208C for 12 h. The surface area and thickness of the electrode active materials were 2.0 cm 2 and 30 mm, respectively. The loading of NMC was ,4.5 mg cm
À2
. The coin-type cells were fabricated with a NMC composite cathode, Li metal anode, and Li[FSA]/ G3 electrolyte. A glass fibre filter (GA-55, Advantec) was used as the separator. Galvanostatic charge-discharge tests were carried out using an automatic charge/discharge instrument (HJ1001SD, Hokuto Denko) in the voltage range of 2.5-4.2 V at 308C. þ complex. [17] [18] [19] [20] [21] This crown ether-like structure is sensitive to Raman spectroscopy, and a strong breathing mode band at ,870 cm À1 is observed when the [Li(glyme)] þ complex is formed in the liquid. [3] Raman bands in the range of 780-900 cm À1 reflect the CH 2 rocking and C-O-C stretching vibrations of the glyme molecule. [22] [23] [24] [25] [5] For further analysis of the solvation structures, Raman spectra in the range of 680-900 cm À1 were deconvoluted into six bands using the Gaussian-Lorentzian function, as shown in [13] Although these melting points are close to room temperature, the complexes remain in a supercooled liquid state at room temperature for several months. Therefore, the molten complexes of Li[FSA] : G3 À anion appears at ,700-790 cm À1 . This band shifts to higher wavenumber when [FSA] À is bound to Li þ . [26, 27] In this study, Raman spectroscopy was not able to clearly distinguish between bound and free [FSA] À ; however, the peak position of [FSA] À . Therefore, the peak shift observed for the c Li /c glyme # 1 liquids is ascribed to the formation of a [Li À (D FSA ) were measured by PFG-NMR spectroscopy. Fig. 4 shows the concentration dependencies of the self-diffusion coefficients in Li[FSA]/glyme mixtures at 308C. In both G3 and G4 mixtures, the self-diffusion coefficients decrease as the Li concentration increases due to the increase in viscosity. Fig. 6 , a reduction current at electrode potentials less than 0 V, which arises because of Li deposition, was observed during the cathodic scan, and an oxidation current, which arises because of dissolution of Li metal, was observed during the anodic scan in all electrolytes tested. The cross point of the cathodic and anodic currents shifted to positive potential as the Li[FSA] concentration increased due to the change of the Li/Li þ redox potential. [12] The cathodic current observed at À0. (Fig. 3) . Although the ionic conductivity of Li[FSA]/G3 ¼ 0.25 was the highest among the examined electrolytes, the anodic peak current for dissolution of Li in this electrolyte was lower than one in Li[FSA]/G3 ¼ 1. Clearly, the coulombic efficiency of Li stripping/plating in Li[FSA]/G3 $ 1 electrolytes was higher than that in Li[FSA]/G3 ¼ 0.25. The difference in the reversibility of Li stripping/deposition between the electrolytes might be due to the nature of the passivation layer formed on the deposited Li metal. Several researchers reported that an effective passivation film is formed on the Li metal in the highly concentrated electrolytes containing Li-amide salts. [29] [30] [31] [32] According to these reports, the passivation film derived from the amide-type anion are formed on the Li metal before the decomposition of solvents in the electrolytes when the Li-amide salt concentration is higher than 3 mol dm (Table S1 , Supplementary Material), therefore, the FSA-derived passivation film might not be effectively formed on the electrode. Actually, as shown in Fig. S2 (Supplementary Material) , an irreversible cathodic current due to the electrolyte decomposition was observed in the first CV cycle of Li[FSA]/ G3 ¼ 0.25 measured in the potential range 2.5-0 V versus Li/ Li þ . The anodic current due to the Li stripping observed in the third cycle was larger than that in the second cycle (Fig. S2,  Supplementary Material) . This suggests that a passivation film grew on the electrode during the first and second cycles, and suppressed the decomposition of the electrolyte to some extent in the subsequent cycle. Therefore, the irreversible behaviour of the cyclic voltammogram for Li[FSA]/G3 ¼ 0.25 in Fig. 6 is partially attributed to the decomposition of the electrolyte.
Results and Discussion
To investigate the effect of the Li[FSA] concentration on the interfacial charge transfer reaction at the Li metal electrode/ electrolyte interface, electrochemical impedance measurements for the symmetrical cell [Li metal | electrolyte | Li metal] were performed. Fig. 7 shows Nyquist plots for the cells with Li [FSA]/G3 electrolytes containing various concentrations of Li [FSA] . An equivalent circuit model used to fit the impedance spectra is also shown in Fig. 7 ; R sol is the bulk solution resistance for ionic conduction between two electrodes; R interface1 is the electrolyte/electrode interfacial resistance for the charge transfer reaction; R interface2 is the resistance of the solid-electrolyte interphase (SEI), which is the passivation layer formed on the Li metal electrode by the reductive decomposition of the electrolyte; [33] CPE1 and CPE2, which are constant phase elements, are used instead of electric double-layer capacitance and capacitance of the SEI, respectively; and Z W is the Warburg impedance for ion diffusion in the diffusion layer. The intercept of the real part of the impedance (Z Re ) at the highest frequency corresponds to R sol . The two semicircles observed in the high frequency range are assigned to the charge transfer resistance (R interface1 ) and the SEI resistance (R interface2 ), and the straight line observed at low frequency corresponds to Z W . The R sol increased as the Li [FSA] concentration increased, which agrees well with the decrease of ionic conductivity at high concentration (Fig. 3) . In the present study, we could not distinguish which of the two semicircles observed in the high frequency range was due to R interface1 . Instead, we discuss here the magnitude of the total interfacial resistance (R interface1 þ R interface2 ). The total interfacial resistance decreased as the concentration of Li [FSA] increased. The charge transfer resistance can be described as R interface1 ¼ RT/(i 0 AF), where R is the gas constant, T is the absolute temperature, i 0 is the exchange current density, A is the electrode area of each Li metal, and F is the Faraday constant. The exchange current density can be described as i 0 ¼ k 0 Fc Li , where k 0 is the standard heterogeneous rate constant for the electrochemical Li deposition and dissolution at the interface. [34] The increase of the Li þ concentration leads to lower charge transfer resistance (R interface1 ). [32] In any case, as shown in Fig. 7 , the total interfacial resistance of Li/electrolyte (R interface1 þ R interface2 ) decreases in the Li[FSA]/G3 . 1 electrolytes upon further increasing the molar ratio of Li[FSA]/G3. Consequently, a highly concentrated electrolyte is favourable for high rate interfacial charge transfer reactions, even though the ionic conductivity of the electrolyte is low and the solution resistance is relatively large.
The oxidative stability of the Li[FSA]/G3 electrolytes was investigated by linear sweep voltammetry. Fig. 8 shows linear sweep voltammograms measured with a Pt electrode. The anodic current starts to flow at ,4.0 V in the Li[FSA]/ G3 ¼ 0.25 mixture due to the oxidative decomposition of the electrolyte. The onset of the anodic decomposition potential shifted to 4.5 V in the Li[FSA]/G3 ¼ 1 and 2 electrolytes. The electrolyte oxidation is assumed to originate from the decomposition of G3. That is, the lone pairs of the ether oxygen atoms of G3 are attracted to the Li þ ions and they coordinate to form the cationic complex. Following formation of this complex, the highest occupied molecular orbital (HOMO) energy level of G3 is lowered and its oxidative stability is enhanced. [8] The population of G3 coordinated to Li (Fig. 9b-d (Fig. 9c) . In contrast, a negligible morphology change was observed for the Li[FSA]/ G3 ¼ 2 sample, indicating that Al corrosion was inhibited in this electrolyte.
There are numerous reports on the corrosion of Al in electrolytes containing Li-amide salts such as Li [TFSA] and Li [FSA] . [35] [36] [37] [38] [39] The corrosion of Al occurs with concomitant dissolution of Al 3þ into the electrolytes. In the case of electrolytes containing excess solvent, Al 3þ ions, which are produced by the electrochemical oxidation of Al, are solvated and diffuse into the electrolyte bulk, and the Al corrosion proceeds. When the Al is positively polarized, the surface of Al is expected to be covered with solvent and anions. According to the results of molecular dynamics simulations reported by several groups, a positively polarized electrode surface in a highly concentrated electrolyte is effectively covered solely by anions, i.e. solvent exclusion occurs. [35, 36] Solvent exclusion hinders the solvation of Al 3þ at the surface of Al. In addition, almost all solvents coordinate to Li þ and free solvent that can coordinate to Al 3þ negligibly exists. In the case of glyme-based SILs, the negative charges of ether oxygen atoms are attracted to the Li þ cation, [4] and free glyme negligibly exists in the liquids. The glyme molecules coordinated to Li þ in SILs might show little attraction to the positively polarized Al surface. Instead, the Al 3þ ion is anticipated to form complexes with amide anions, such as Al [TFSA] x and Al [FSA] x , at the Al surface. For the dissolution of Al-amide complexes, solvation is also needed to dissociate the complexes into Al(solvent) x 3þ and anions. The solvent exclusion and the lack of free solvent would suppress the dissolution of Al-amide complexes, resulting in the suppression of Al corrosion.
As shown in Fig. 9 À1 (based on the NMC mass) in the initial cycles. However, the charge and discharge capacities increased and decreased, respectively, with cycle number (Fig. 10b) , suggesting that an irreversible side reaction occurs in the cell. This irreversible behaviour was attributed to the corrosion of the Al current collector of the NMC cathode. It is assumed that the extent of Al corrosion increased the charging capacity due to oxidation of Al and decreased the discharge capacity because of deterioration of the electronic conduction path of the NMC cathode. In the case of Li[FSA]/G3 ¼ 2 (Fig. 10c) , the cell showed stable charge-discharge behaviour, indicating that Al corrosion was effectively suppressed. However, the coulombic efficiency of (discharge capacity)/(charge capacity) was ,96 % throughout the cycling test (Fig. 10d) . Because an excess amount of Li metal was used as the anode, the cell charge and discharge capacities were limited by the NMC cathode, suggesting that some irreversible side reactions occurred at the cathode during charging and discharging. If the low coulombic efficiency was caused by degradation of the NMC cathode, the cell capacity should decay much faster. The precise nature of the side reactions in the cell are not clear at present. There is a possibility that oxidative decomposition of the electrolyte occurred slowly at the NMC composite cathode. Indeed, the NMC cathode has a porous structure and its surface area is much larger than that of a planar Pt electrode. In addition, the transition metal oxide, NMC, may catalyse oxidative decomposition of the electrolyte. [40] However, further investigations are necessary to clarify the nature of such side reactions in the cell.
Although the coulombic efficiency of the [Li | Li[FSA]/ G3 ¼ 2 | NMC] cell was not sufficient for practical applications, a rate capability test was conducted. Fig. 11 shows the discharge curves of the cell measured at various current densities. The discharge capacity gradually decreased with increasing current density. The cell delivered a discharge capacity of 105 mA h g ). [10] The smaller charge transfer resistance at the electrode-electrolyte interface in Li[FSA]/G3 ¼ 2 (Fig. 7) is presumed to contribute to the relatively good rate capability of the cell. In addition, the extremely high Li þ concentration (5.5 mol dm
À3
) in the electrolyte may be effective in supplying a sufficient number of Li þ ions to the cathode and anode even at high current densities.
Conclusions
The liquid structures and transport properties of electrolytes composed of Li[FSA] and glyme (G3 or G4) mixed in various molar ratios were investigated. Glyme solvents can dissolve Li [FSA] up to ,5.5 mol dm À3 and the highly concentrated electrolytes remained liquid at room temperature. The viscosity of 
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